The impact of building materials on the environment and the health of occupants has become a priority issue. Ecological construction materials, such as earthen materials, are currently experiencing a regain of interest for both ecological and economic reasons. However, since microbial proliferation on indoor materials can induce a deterioration of the air quality in the building and lead to an increase in health risks for the occupants, the issue of indoor air quality raises questions about the utilization of earthen building materials and their possible susceptibility to fungal development. The microflora of earthen materials and its ability to grow on such supports have been little studied so far. This study focuses on the quantification of both bacterial and fungal microflora throughout the manufacturing process and the impact of extreme humidity, simulating a hydric accident, on microflora development analyzed on the surface of and inside earthen bricks. The initial microflora of these materials was dramatically reduced during the manufacturing process, especially after heat treatment for drying. The remaining microorganisms were observed to proliferate only under conditions of high humidity, in particular for earthen materials with vegetal aggregates. Moreover, in situ samplings were performed on naturally dried earthen materials used in buildings. The characterization of their microbial density revealed that it was higher than on manufactured specimens, while microbial concentration and detected taxa seemed mainly related to the room use and building history. These results provide a better understanding of microbial proliferation on these materials.
Introduction
Current ecological concerns are leading us to give greater consideration to the environmental impact of building materials. Earthen materials are part of the several environmentally friendly materials used to address these ecological challenges. Earthen building materials have a variety of interesting characteristics, such as their capacity to induce natural regulation of the indoor air humidity [1] , their reduced environmental impact [2] and their low cost [3] . The addition of vegetal aggregates (straw, hemp, etc.) within earthen materials induces an improvement in their thermal insulation as well as a reduction of shrinkage cracks when the materials dry out after manufacturing [4] . The addition of compounds containing cellulose and/or lignin may, however, promote microbial growth [5] . Microbial proliferation in buildings has become a major challenge in recent decades because of its involvement in the degradation of indoor air quality. Nowadays, humans spend more than 80% of their time inside buildings [6] , which leads to high exposure to indoor air [7] . The percentage of buildings contaminated by indoor molds is estimated at 20 to 40% for Northern Europe and North America [8] . During their growth, microorganisms release several gases and harmful particles (VOCs, parietal compounds, toxins, spores, etc.) into the indoor environment, thus inducing various health risks for the inhabitants, such as the development of asthma, allergies, ocular and pulmonary irritations or infections [8] or more global issues such as Sick Building Syndrome [9] .
There is an urgent need to characterize the conditions of microbial growth on building materials. Several factors are involved, and one of the most important corresponds to the environmental conditions. Humidity is a key factor for the development of bacteria and fungi on construction materials [10, 11] and high, uncontrolled relative humidity (i.e. RH between 70% and 90%) inside buildings leads to microbial proliferation [12] . The minimal relative humidity needed for fungal growth, however, depends on the composition of the building material [12, 13] : i) 70% RH for wood-based materials, ii) 85% RH for plaster and iii) 90% to 95% RH for cementitious materials and concretes. Moreover, some differences in fungal susceptibility can be observed between similar materials under the same environmental conditions [14] . In addition, the type of material has a significant impact on the type of microorganisms able to grow and on their growth kinetics [11, 15, 16] . Concerning earthen building materials, fungal proliferation issues have only been reported for specific environmental conditions, such as water-related accidents or a building being poorly ventilated during the drying of the materials after casting [17, 18] . These occurrences may raise questions about the conditions of microbial proliferation on these materials and their use for construction. However, very few studies have characterized the susceptibility of earthen materials and there is a real need to clarify this aspect.
It is also necessary to assess the presence of microorganisms on the surface of construction materials inside buildings in order to better evaluate the risks of proliferation on these materials. Several studies have characterized the microbial flora of conventional buildings, by culture-based methods [19] [20] [21] or using molecular analyses [22] [23] [24] [25] . The major impact of the human microbiome on the indoor bacterial flora has been highlighted [26] , as has the predominance of outdoor fungi in the indoor air and on surfaces [22, 27] . The characterization of microbial diversity at the surface of earthen materials in situ has recently revealed that fungal flora are related to the outdoor and indoor environment, but the main bacterial flora is not associated with that of the occupants [28] . The major factors impacting microbial flora composition are the history of the buildings and the way materials are used (indoors / outdoors). Experimental characterizations of earthen materials carried out in the laboratory need to be put in perspective though in situ assessments on earthen buildings than may have been exposed to different uses and environmental conditions over time.
This study aimed to improve the knowledge of microorganisms present in manufactured and in situ earthen materials and their abilities to proliferate on these materials. With this in mind, the aims of the research work were to i) quantify the initial microflora in manufactured earthen materials, regarding their composition (addition of vegetal aggregates or not) and the manufacturing process, ii) evaluate the proliferation of microorganisms remaining on earthen materials, under both conventional and very high humidity conditions, and iii) evaluate the microbial density and taxa of both bacteria and fungi on the surface of in situ earthen materials, using culture-based approaches.
Materials and methods

Manufactured materials
Quarry Fines from Aggregate Washing (FWAS) were used as the earth material for this study. These materials are waste from the washing step of the limestone quarrying process and the sludges obtained are deposited in sedimentation basins until they dry. Then, they are transformed into powder to obtain the final product. The FWAS used here consisted of calcite (60%), kaolinite (11%), illite (11%), quartz (10%), dolomite (6%) and goethite (3%) [29] . The material pH was 7.8. The FWAS was composed of extremely fine particles, with 99 % smaller than 80 µm. The mean size determined by pipette was around 6.5 µm. Barley straw was used for the addition of plant fibers into the raw earth material. The length of the barley straw strands was between 10 and 30 mm. The FWAS and barley straw were stored at ambient temperature and lighting in plastic bags until their use in the manufacturing of earthen materials. Two formulations were manufactured: i) specimens composed of earth materials only (FWAS-S0%) and ii) specimens composed of FWAS with 3 % of straw by weight (FWAS-S3%). The earth and straw parts were first mixed by hand. Then, water was added and the materials were mixed mechanically until a homogeneous mixture was obtained. Specimens were manufactured by double static compression at the Proctor density into cylindrical molds 5 cm in diameter and 5 cm high (Fig. 1) . Manufactured specimens were first dried at 40 °C for 24 hours, then the temperature was increased by 0.1 °C/min until it reached 100 °C. The temperature was maintained at 100 °C until the mass was constant (mass variation less than 0.1% between two weighings 24 h apart). This drying step was performed in order to accelerate the fabrication process with respect to natural drying. Similar drying processes are used in brickyards before firing. The specimens were then transferred from the manufacturing room to the microbiology laboratory and stored, sterile conditions and room temperature being maintained during the transfer and storage. The density of the dry specimens was 1.99 g.cm -3 for the FWAS-S0% composition and 1.52 g.cm -3 for the FWAS-S3% composition. Some additional data on the manufacture and the characterization of the bricks are available in [30, 31] . Evaluation of the initial microflora on earthen materials during the manufacturing process
In order to determine the initial microflora present, samples of the manufactured specimens were taken: i) on the surface of the specimens, before and after the drying step, and ii) inside the specimens, after the drying step and horizontal breaking of specimens using a splitting test with 100 kN hydraulic press. Two specimens were used per composition (FWAS-S0% and FWAS-S3%). Sampling was carried out with 4 cm² sterile adhesives (Hydrofilm® -Hartmann) pressed manually onto the defined area for 5 minutes. Adhesives were then transferred into 10 mL of recovery medium (Phosphate Buffered Saline (PBS) + 5% w/w final concentration of Tween 80). The solution was vortexed for 5 minutes to remove adhered microorganisms from the adhesives [32] . For cell numeration (CFU: Colony Forming Units), one tenth dilutions were performed and 100 µL of each dilution was deposited on different nutritive media: i) Tryptone Soy Agar (TSA), incubated for 2 days at 32.5 °C for bacterial numeration; and ii) Potato Dextrose Agar (PDA) supplemented with 0.05 mg/mL of chloramphenicol (Cm) and incubated for 5 days at 22 °C for fungal numeration. The adhesives used for sampling the inside part of the specimens were directly deposited on PDA-Cm medium and incubated for 7 days at 22.5 °C in order to observe fungal development.
Simulation of high humidity conditions for earthen materials
Earthen materials are very sensitive to liquid water as well as condensed vapor due to high humidity conditions with poor ventilation [33] . A method of humidification by capillarity was set up in order to avoid the dispersion of the earthen material in direct contact with water [34] . The following system was used under controlled conditions (in microbial safety cabinets, at room temperature) ( Fig.2) : a sterile clay brick covered by a piece of sponge was placed in a sterile basin; three dried specimens of the same composition were placed on the sponge; the basin was filled with sterile water which was maintained at almost the height of the clay brick, leading to a humidification of the specimens by capillarity without disintegration. One basin was set up for each of the compositions (FWAS-S0% and FWAS-S3%). Two control specimens of each composition were placed under controlled conditions without being humidified. The specimens were placed at room temperature for both conditions (humid and control) and room humidity for control condition. The specimens were regularly observed during 3 months.
At the end of the 3 months of observation, two specimens of each condition (composition / humidity) were broken horizontally using a 100 kN hydraulic press. Microbial sampling was performed using adhesive tape for both the surface and the inside of the broken specimens (see subsection 2.2). CFU were counted as previously described for surface samples (see subsection 2.2). 
Evaluation of the microbial flora on earthen building materials in situ
This campaign was carried out on a total of 5 buildings with earthen walls located in south-west France (Table 1 & Fig. 3 ). The sampling campaign was carried out between October and November 2015. The different sampled surfaces, referenced A, Ba, Bb, C and D, were selected for their different current functions (hall, kitchen, office, cellar). The building material sampled was composed of raw earth only (A, Ba, D) or raw earth with plant fibers (Bb, C). The history of the building was also considered. Four sampled sites (A, Bb, C and D) were in normal moisture conditions during sampling (i.e. no visible microbial proliferation due to hydric accident) and the fifth one (Ba), which had shown signs of mold proliferation less than one year before sampling, had returned to a dry state without visible mold a few months previously. Samples were collected by scratching the surface of earthen materials with sterile scalpels. Three to six small areas (4 cm²) located at different heights (i.e. 40 cm to 190 cm from the floor) were sampled per site, 2 to 3 g of material being collected from each area. The materials sampled in situ were used for microbial isolation on culture media. One gram of sampled materials was mixed with 10 mL of recovery medium (PBS + 5% Tween 80) and shaken at 300 rpm for 30 min [32] . Suspensions were diluted, deposited on the culture media and incubated at different temperatures as previously described in subsection 2.2. Concerning fungal isolation, a DG18 medium supplemented with 0.05 mg/mL of Cm was used in addition to PDA, in order to isolate any xerophilic fungi present.
Microbial identification
Microbial isolates obtained on both of the manufactured specimens were characterized. Fungi were identified by macro-and microscopic observations. Fungal microscopic characterization was performed by cotton blue staining and observation by optical microscopy (×400). Bacteria were identified using MALDI-TOF mass spectrometry. 
Statistical analysis
The means and standard deviations were calculated in each condition on the log10 values. A Student test was carried out to compare the means between them. The computations were performed using the R software. A p-value below 0.05 is indicated by an asterisk above the relevant averages in Fig.4 , 7 and 8.
Results
Evaluation of the initial microflora on earthen materials during the manufacturing process Samples were taken during the manufacturing process in order to assess the initial presence of microorganisms in the manufactured earthen materials studied. Numerations of cultivable microorganisms (expressed in CFU per cm² of adhesive) sampled on the surface of the FWAS-S0% and FWAS-S3% specimens are reported in Fig. 4 . These samples were taken before (Fig. 4 .A) and after (Fig. 4 .B) the drying step. The undried FWAS-S3% specimens contained around 1 log10 more bacteria and fungi per cm² than the undried FWAS-S0% specimens. The addition of plant fibers led to the detection of a greater number of microorganisms than found on the surface of the earth-only specimens, even with only 3% of straw. Samples from dried FWAS-S0% specimens contained 3 bacterial CFU per cm² of adhesive on average, whereas the quantity was 2.6 ± 2.3 ×10 3 CFU/cm² before the drying step. Similarly, samples from dried FWAS-S3% specimens contained less than 10 CFU/cm², while undried specimens initially presented 2.7 ± 2.2 ×10 4 CFU/cm² on their surface. Concerning fungal numeration, less than 1 CFU/cm² was obtained for both compositions.
The amount of fungi counted inside dried specimens was below the limit of CFU quantification with the method used. In order to better explore the fungal flora on and inside the dried specimens by qualitative approaches, samples were collected on the surface and inside the dried specimens and the adhesives were then directly deposited on the culture media (Fig. 5) , for both FWAS-S0% (Fig. 5.A) and FWAS-S3% (Fig. 5.B) . Very few molds were observed on surface samples (less than one isolate per sample) and only for the FWAS-S3% composition. However, various molds were isolated from the inside part of the samples, suggesting the survival of some of the microorganisms initially present in the manufactured material, even after the drying step.
Simulation of high humidity condition for earth-based materials
As the microbial flora contained in the manufactured materials was not totally removed by the fabrication process, a simulation of high humidity conditions was performed to determine whether the remaining microorganisms were able to grow in the material. Dried specimens were observed for three months in: (i) dry condition; and (ii) humid condition, i.e. a total humidification achieved by water ascent in the building material. No visible development of fungi was observed on the specimens placed in the dry condition (Fig. 6) . Some white mycelia appeared on the specimens of both compositions after one month the in humid condition, and grew slowly. Few fungi had developed on the FWAS-S0% specimens after 6 weeks in the humid condition (Fig. 6.A) . At the same observation time, two FWAS-S3% specimens presented considerable development of black mold on their surface (Fig.  6.B) . These fungal developments on dried specimens placed in the humid condition confirmed the previous observations about the persistence of microorganisms. After 2 months, additional different molds had developed on the surface of specimens, with some heterogeneity in terms of location and macroscopic properties. These results suggest that not all microorganisms had the same revival and growth kinetics in the material, although some of them survived the heat treatment inside the specimens.
After 3 months, samples were taken in order to quantify the proliferation on the surface and inside the specimens. Fig. 7 presents the bacterial (Fig. 7 .A) and fungal ( Fig. 7 .B) numerations for each sample for each moisture condition and sampling location. No significant difference was observed between the surface and the inside for specimens placed in dry conditions, regardless of their composition. However, the bacterial quantification after 3 months detected between 8.5×10 1 to 4.1×10 2 CFU/cm² whereas 10 1 CFU/cm² were found just after the drying step. Similarly, fungi could be detected after 3 months, which was not the case just after the manufacturing process. Microorganisms were thus able to grow in the building material despite the "dry" condition (ambient relative humidity), but remained at low concentrations. Very significant bacterial growth was observed for both compositions and sampling locations when the specimens were placed in the humid condition. The humid FWAS-S0% specimens did not show significantly more fungi on their surface than those in the dry condition, except in one area where mycelium was visible, which suggested a very localized mold development or a very long latency phase. However, a significant increase of the fungal development was detected inside humid specimens in comparison with dry specimens despite 72 hours' drying at 100 °C, validating the second hypothesis. Concerning the FWAS-S3% composition, samplings on specimens under the humid condition revealed considerable fungal growth at both sampling locations, including surfaces without visible mycelium. Moreover, FWAS-S3% specimens under the high humidity condition presented a larger quantity of microorganisms than FWAS-S0% in the same condition. Thus, the presence of straw could have an impact by maintaining microorganisms and promoting their secondary development and/or by increasing the porosity and therefore the humidity in the material.
Characterization of microorganisms on earthen materials in situ
In situ sampling was performed in five different earthen buildings and the microorganisms contained in the samples were isolated and counted (Fig. 8) . Bacteria densities varied according to the sampling site, with a higher concentration for samples from building Bb (1.9×10 6 CFU/g), and a lower concentration for site D (2.7×10 4 CFU/g). In the case of site A, the quantity of cultivable bacteria varied greatly depending on the height at which the sample was taken. While samples collected at 120 cm and 100 cm showed high bacterial colonization (i.e. around 10 7 CFU/g), the rest of the wall showed significantly lower quantities, in the range 10 4 to 10 5 CFU/g. No significant difference was observed between isolates identified across the various heights sampled for this support. This intra-site variation confirms the need to collect wall samples at different locations when possible, in order to ensure that they are representative of the entire support.
Concerning fungal numeration, the two sites Ba and Bb presented the highest quantity of molds (more than 10 3 CFU/g) while the fungal concentration at all other sites was below 10 2 CFU/g. The use of DG18 medium led to the isolation of a high concentration of Wallemia sp. from the Ba support. Isolates obtained from in situ sampling were identified as described previously. For all the buildings, the bacterial genus most frequently found was Bacillus (Table 2) . Different species were isolated according to the sites but Bacillus simplex was present at the 5 sites studied. Other genera detected on the raw materials (i.e. Micrococcus, Solibacillus, and Staphylococcus) were present on only 1 or 2 supports. The presence of Gram negative bacilli was observed on different sites, either as Pseudomonas sp. or unidentified isolates. The genus Streptomyces was also highlighted. For fungi, the two most common genera were Penicillium and Aspergillus (Table 3) . Cladosporium was detected on sites A and B, while various other genera, such as Alternaria, Cladophialophora, Exophiala, Mucor, Rhizopus, Rhodotorula, Ulocladium or Wallemia, were not detected at more than one site. Culture-based microbial profiles seemed to be quite specific for each support rather than revealing a flora common to all earthen building materials 
Discussion
The characterization of the susceptibility of building materials to fungal growth addresses an important need in the construction sector, where it is important to have sufficient insight into their possible use and the ways to limit occurrences of mold. The aim of the current study was to quantify the microflora initially present in earthen materials and to characterize their ability to grow under favorable environmental conditions. Using the samples obtained before and after the drying step, it was possible to reveal the significant impact of the manufacturing process on the number of microorganisms present on the surface of and inside the test pieces. The 72 h heat treatment at 100 °C applied to specimens eliminated almost all bacteria on the surface, and brought the fungal population below the limit of quantification of the adhesive sampling technique. However, this heat treatment was not sufficient to eliminate the entire flora and did not affect all the microorganisms present, particularly in the heart of the specimen. Some authors have suggested that drying at temperatures above 80°C would sterilize the material [35] . Although the temperature was raised to 100°C in the core of the specimen here, some microorganisms survived. This is particularly relevant in relation to the dominance of genera able to sporulate among the isolates collected from raw materials [32] and from undried and dried specimens (Bacillus sp.) (data not shown).
In addition, when these specimens were placed in very high humidity conditions, bacteria and fungi that had survived the heat treatment could develop again and proliferate up to the surface of the specimen. These results suggest that one origin of microorganisms growing on these supports may be related to the communities initially present in the soil and on the plant fibers used. However, even when a slight increase of CFU was noticed, no visible development was observed in the case of the ambient humidity condition, suggesting the need for high humidity to enable fungal growth on these materials, as for conventional building materials [10] [11] [12] . LaborelPréneron et al. studied the same type of material but under exposure to different temperatures (20 and 30 °C) and relative humidity levels (75%, 84% and 93%), with water in vapor form [36] . No fungal growth was observed on these materials, regardless of the relative humidity of exposure. However, when liquid water was added to the materials (2.7 µL/cm² of material), proliferation was observed in the case of RH 93%. It occurred after 6 weeks and only for the FWAS-S3% composition. The impact of the liquid form of water on the ability of fungi to develop on building materials has also been highlighted for other materials [16, 37, 38] . Further works are needed to compare the susceptibility of earthen materials with that of conventional building materials, but the same environmental factors seem to be involved for these materials. It thus seems that the humidification of materials by liquid water (capillary rise, residual liquid water due to poor drying during the setting up of the material, etc.) is the most likely cause for microbial development on earthen materials.
Moreover, the addition of plant aggregates appeared to have an impact on the microorganisms in the material. First, the sp.
Sampling site
Identified Taxa A Ba D C Bb culture-based approaches on the specimens before the drying step revealed a higher fungal concentration in materials containing straw than in those with only raw earth. A study of raw materials alone had previously revealed a higher microbial concentration on straw fibers than on the FWAS used [32] . When the straw was incorporated into the building material, these plant fibers would add a significant amount of microorganisms to the specimen produced. When the FWAS-S0 % and FWAS-S3 % specimens were placed in humid conditions, the kinetics of occurrence of the first mycelium was equivalent between the two formulations. However, the FWAS-S3% specimens rapidly showed larger contaminated areas than the FWAS-S0%. When samplings were performed after 3 months in humid conditions, the amount of bacteria per cm² of adhesive was approximately 10 8 CFU for FWAS-S3 %, which was 2 log10 more than for FWAS-S0 %. Similarly, the surface of FWAS-S0 % had only one mycelium in a single area, the rest of the specimen having a fungal concentration around 10 1 CFU/cm² both on the surface and in the inside. In contrast, mold development on FWAS-S3 % specimens was significantly higher, with more than 10 3 CFU/cm² over the entire specimen. Plant fibers could influence the growth of microorganisms in building materials in two ways: -First, they constitute a source of carbon that can be used by certain organisms, thus promoting their growth. The same situation has been observed in the case of materials containing cellulose [5, 39, 40] ; -Another factor that can increase the development of microorganisms is the porosity of the material. In the case of FWAS-S0% specimens, the soil was highly compressed, which resulted in a material with low roughness and few internal cavities. The addition of plant fibers traps air inside the specimen, which makes the material lighter and increases its thermal insulation performance [4] . However, increasing the material's porosity also promotes water absorption [5] . It also induces an increase in the surface area available for microbial development within and on the surface of the material.
The addition of plant fibers would, therefore, induce a higher susceptibility to microbial development under extreme humidity conditions, according to different mechanisms, but may not compromise the use of these materials for construction.
Samples from inside buildings constitute a first observation of the microbial density present on the surface of earthen walls. Bacterial density ranged from 1.1×10 3 CFU/g to 1.4×10 7 CFU/g across all samples, with an average of 1.2×10 5 CFU/g for all sites. In comparison, the concentration of bacteria was around 7.3×10 5 CFU/g for dust in offices [19] and 1.6×10 6 CFU/g for dust under beds [41] , which is slightly higher but relatively close to the concentrations detected on the surfaces of the sampled earthen walls. However, samples from site A revealed a high variability in the number of bacteria present depending on the height at which the wall was sampled, with a concentration 2 or even 3 log10 higher at heights of 100 cm and 120 cm than on the rest of the wall. These variations could be related to the persistence of bacteria associated with previous uses of the building (i.e. presence of animals before renovation). In the case of other supports where the height varied (Ba, Bb, D), this effect was not observed, suggesting a link with the history of the site.
Similar height-related variations were not observed for fungal flora. The fungal density on the sampled earthen supports ranged from 10 1 CFU/g to 6.9×10 3 CFU/g on PDA media, with an average of 1.8×10
2 CFU/g. The quantity of fungi measured in office dust, for example, varied from 8×10 3 to 4×10 5 CFU/g [42] , which is a few log10 more than that detected on earthen materials. However, a significant difference (p<0.05) could be observed between the areas Ba and Bb on the one hand (fungal concentration greater than 10 3 CFU/g) and the remaining sites on the other (fungal concentration between 10 1 and 10 2 CFU/g). Site Ba was a wall made of adobe that had previously experienced a hydric accident (i.e. drain issue), leading to visible proliferation of fungal mycelia/spores on the surface. Among the fungal isolates obtained on this site, the Wallemia genus was strongly predominant. Since the genus Wallemia is able to grow at relatively low humidity [43] , it is possible that this fungus was one of the first to grow when the wall began to be humidified. Although the problem was fixed (i.e. humidity returned to normal and fungi visually eliminated), quantification by culture approaches revealed the persistence of fungal flora which may have been those that grew during the humidification of the wall. The persistence of flora associated with water damage on building surfaces, despite partial or total remediation of the building, has been highlighted in several studies [44, 45] , and may explain this particular fungal abundance on this site. The second site with a large amount of microorganisms was the cob wall Bb, and the presence of plant fibers may explain this observation. However, site C materials also contained vegetal aggregates, and its microbial concentration did not differ significantly from that at other sites. Since the majority of fungi in buildings come from the outside air [27, 46] , the function of the Bb site room (i.e. storage of fruits and vegetables) could have contributed to the increase in the fungal colonization of this surface. In the light of the results obtained in situ, the impact of the room use and the history of the building seem to be critical. Similar results were observed in terms of microbial diversity with molecular approaches [28] .
The microbial density of manufactured materials in the laboratory in the dry condition was several log10 lower than those of materials sampled in buildings, for both bacteria and fungi. The drying process was most likely different between manufactured specimens and in situ earthen materials, as the latter kind of material is usually dried at room or outdoor temperature for several days or weeks [33] , while heat treatment is related to industrial production [35] . The buildings studied may have conserved a large part of their initial flora. However, this difference in drying conditions may not be the factor having the most impact on the microbial density on earthen materials in situ. As detected on manufactured specimens, both bacteria and fungi were able to grow slowly at room temperature and humidity, and the buildings sampled were constructed several years before the specimens were manufactured (they were only a few months old). Moreover, outdoor and indoor microbial flora were most likely deposited on the surface of materials over time [27, 46] . However, even with a higher microbial density, naturally dried earthen materials used in buildings did not present visible microbial colonization under room environmental conditions. The overall results of this study suggest that heat treatment should be considered mainly to accelerate the drying step rather than for its microbial control effect. Larger sampling campaigns should be carried out to confirm these first observations.
In terms of identification, the microbial taxa detected in situ were partly similar to those obtained from manufactured earthen specimens. A large panel of Bacillus isolates was isolated at the different sites, with the presence of B. simplex on all surfaces. However, various other bacterial genera, including some potentially soil-derived genera such as Pseudomonas, Solibacillus and Streptomyces, were also present on in situ earthen materials. To a lesser extent, certain genera, particularly those associated with human cutaneous commensal flora (Micrococcus, Staphylococcus), were detected on only two sites (A and C). Studies on the indoor environment (air and surface) by culture approaches have revealed that many isolates are associated with human presence [19, 47] . In the case of the earthen walls sampled, the soil flora was predominant over the human commensal flora, despite the presence of these materials in habitats for several years. Concerning fungal flora, the genera Aspergillus and Penicillium were found at all the different sampling sites and in the earthen manufactured specimens. These two genera have been widely isolated in studies of the indoor environment by culture, whether in the air [21, [48] [49] [50] , in dust [42, 51] or on interior surfaces (wallpaper, plaster, office desk, etc.) [20, 21] . The genus Cladosporium, widely distributed in outdoor air [49, 52] , was present in 3 of the 5 dwellings sampled. Finally, the other genera detected on a single site (Alternaria, Cladophialophora, Exophiala, Mucor, Rhizopus, Rhodotorula, Ulocladium, Wallemia) were also commonly detected in dwellings. As observed with molecular approaches across a wider sampling campaign on in situ earthen building materials [28] , genera isolated by culture on these supports did not seem to differ from the type of flora detected in conventional habitats, while being partially sitedependent.
Conclusion
This study points out that one potential source of microorganisms in earthen materials could be the raw materials. Even if a manufacturing process involving heat treatment is applied, it will not prevent the subsequent proliferation of initial microflora persisting inside materials. The addition of plant fibers in the composition of the material led to an increase of the initial quantity of microorganisms along with a higher susceptibility to microbial development. The balance between insulation advantages and risks of fungal growth has to be considered carefully for the use of plant aggregates in earthen materials. Proliferation occurrences on the specimens, however, were only observed under extreme humidity conditions, and should therefore be considered in the perspective of the usual environmental conditions in buildings. Naturally dried materials used in building do not present visible proliferation unless affected by specific environmental conditions, even with the addition of plant fibers. Over time, the events encountered by the building and its specific use appear to be key factors in the microbial density and diversity on these surfaces. The fungal sensitivity results obtained should be extended to other formulations and/or other types of earthen materials (e.g. plaster), as well as compared to other types of conventional materials (e.g. gypsum). In addition, a wider sampling campaign on earthen buildings would be needed to confirm the observations obtained in this study and deepen the knowledge concerning these materials under in situ conditions.
